The reduction of FeO from iron-saturated FeO-CaO-Al 2 O 3 -SiO 2 slags by graphite, coke and coal char at 1 673 K has been investigated using a sessile drop technique. Metallographic analysis of samples quenched from the reaction temperature, and "in situ" observations of the reaction interface, reveal significant differences in the slag/carbon contact, and in the morphologies of the product iron and its composition; these differences were found to depend on the carbon type used in the reduction. In particular it has been shown that, in the case of graphite and coke, liquid Fe-C droplets were rapidly formed at the slag/C interface. Reactions of the slag with coal chars, in contrast, result predominantly in the formation of solid iron. These observations indicate that the reaction pathways, and hence reaction kinetics, are dependent on carbon type.
Introduction
Coke and coal char are commonly used in metallurgical processes to remove oxygen and hence reduce metal oxides from slags. The overall reaction of carbon and iron oxidecontaining slag to produce gas and metallic iron at high temperatures may be described by the equation, FeO (slag)ϩC (s) → Fe (metal)ϩCO (g) ......... (1) Despite the apparent simplicity of the equation, the mechanisms by which this reaction occurs and the rate limiting reaction steps are by no means clear.
The kinetics of reaction of solid carbons with iron-containing slags have been studied by a number of workers. Most of these studies are focused on determining the relationships between slag compositions and reaction rates, and the rate limiting reaction mechanisms in each case. There is strong evidence to support the case that the rates of the carbon/gas reaction, the gas/slag chemical reaction, 16) and slag phase mass transfer reaction rates 13, 18, 21) all have important influences on the rates of reduction of slags containing less than 10 % FeO.
Studies of the effects of carbon type have concluded that the reaction rates obtained by graphite and coke are indistinguishable, 3, 6, 7) but that the reaction rates achieved by non-coking coals can be faster than with graphite by a factor of two. 17) The impact of carbon selection is reported to be greater at higher FeO contents, where slag phase mass transfer is more rapid. 19) In the present study a rather different approach has been taken, with examination focused on the microstructural evidence obtained from partly reacted materials. By using a small sessile slag drop on a carbon substrate the materials can be rapidly cooled from the reaction temperature and the microstructure present at the reaction temperature is preserved unchanged; the samples then can be examined using optical and electron microscope techniques at room temperature. In this way the structures of the slag/carbon interfaces, and the reaction mechanisms that are operative during the reduction of iron-saturated slags, have been examined for different carbon types. 22, 23) 
Experimental Methods

Slag and Carbon Preparation
A master slag of composition 44.2 % SiO 2 , 38.8% CaO, 17 % Al 2 O 3 by weight was prepared by melting high purity oxide powders in a platinum crucible in air. This master slag was then used to prepare a homogeneous glassy slag containing 10.8 wt% FeO by melting in an iron crucible under nitrogen and rapidly quenching the melt into water. Thermodynamic calculations using the FactSage program 24) indicate that for this slag the first liquid is formed at 1 307 K and the slag is fully molten at 1 511 K. Iron-saturated slags were selected so as to minimise the concentration of Fe 3ϩ ions in the slag, and also to simulate reactions that may occur in the lower regions of the iron blast furnace.
Carbon substrates 2 mm highϫ12 mm diameter were prepared from graphite, coke, and coal chars. High purity graphite (0.1 % ash), a reactive high volatile sub-bituminous coal char (char 39) and metallurgical coke (for characteristics see Table 1 ) were prepared directly from lump materials. A slight bowl shape is worked into the upper surface of the carbon substrates to ensure that the molten slag does not roll off the surface during reaction.
The coal char (char 39) was prepared by the partial combustion of the pulverised coal (Ϫ150 mm) in a full-scale Pulverised Coal Injection burner; simulating the tuyere region of the iron blast furnace 25) and achieving an average fractional burnout of 0.6. Samples of the char particles obtained from the burner were pressed in a tool steel die to produce the carbon substrates.
Before any reduction experiments were performed, all of the carbon materials were pretreated by placing them in a recrystallised alumina crucible and heating under high purity argon gas at 1 673 K for at least 3 h. This pretreatment was found to remove CO gas species adsorbed on the carbon surfaces, and so eliminate extraneous effects associated with the desorption of CO during the reduction experiments.
22)
Furnace Construction and Experimental Details
The experiments were carried out using an electric heating furnace having lanthanum chromite heating elements. The heating elements in the furnace were positioned so as to provide a 60ϫ100 mm window of low X-ray adsorption in the hot zone. Water-cooled furnace ends were used at both ends of the 20 mm ID recrystallised alumina reaction tube thus preventing the ingress of air. A cast alumina platform supported on an 8 mm OD recrystallised alumina thermocouple sheath was inserted from the bottom of the reaction tube, and this platform was used to raise the samples into the hot zone of the furnace. The hot zone, in which the temperature is controlled within Ϯ5 K, was approximately 80mm in length. A continuous flow (500 mL/min) of high purity argon was directed down onto the sample during the experiment through a 5 mm ID alumina tube positioned centrally 5 mm above the sample surface.
The furnace was positioned so that the X-rays from a surgical X-ray unit passed through the hot zone of the furnace. The X-ray transmission facility and image processing equipment enables dynamic images of the carbon/slag interface, and the product iron and gas to be observed and recorded.
0.15g of slag was placed in a sessile drop configuration on the carbon substrate. The reaction tube was filled with a flowing stream of high purity argon gas. The samples were raised into the furnace to a position where the temperature was approximately 1 173 K and held until thermal equilibrium was achieved. The experiment proper commenced when the sample was rapidly moved into the 1 673 K hot zone.
After partial reduction the samples were cooled rapidly by lowering the substrate from the hot zone, still under an atmosphere of flowing argon. The resultant samples were examined using optical metallography; scanning electron microscopy (SEM) and an electron probe X-ray microanalysis facility equipped with wavelength dispersive spectrometers (EPMA). Measurements of the carbon concentrations in the iron metal product were obtained using scanning Auger spectroscopy. The carbon and iron sensitivities were calibrated by conducting multiple scans on standard steel samples containing 0.4 % C and quenched cast iron 2.76 % C. Further details of experimental procedures are provided elsewhere. 22) 
Results
The examination of partially reduced slag samples revealed significant differences in behaviour between the carbon types tested. These differences were most apparent in • the form and morphology of the iron produced, • the location at which gas bubbles were formed, • the iron oxide concentration profiles in the slag, and, • the apparent wetting characteristics of the slag on the carbon substrates.
Iron Morphologies at Respective Locations
Metallic iron formed as a result of the reduction of iron oxide from the slag was found to be located (see Fig. 1 ) I.
at the slag/carbon interface, II. on the inner surfaces of gas bubbles in the slag, III. on the outer surface of the slag droplet, and , IV. within the slag.
The relative masses of iron formed at these locations were found to depend on carbon type and the extent of reaction.
(a) Graphite/Slag Reaction Micrographs of polished cross-sections of typical graphite/slag samples after partial reduction at 1 673 K are presented in Fig. 2 . It can be seen (Figs. 2(C) and 2(D)) that the majority of iron present at the graphite/slag interface (Location I) is in the form of round iron particles 50-500 mm in diameter. Since there was no metallic iron in the initial sample, this iron and the carbon dissolved in it are the products of the reactions occurring at the graphite/ slag interface.
The hypereutectic grey iron microstructure of the round iron particles indicates that this iron is fully liquid at the re- action temperature and contains more than 4.3 % C. Figure  2 (C) shows primary (kisch) graphite crystals in iron particles. Note that gas bubbles in the slag phase are directly associated with these grey-iron particles. Small round 5-10 mm diameter iron particles are also present at the interface, however, because of their small size the carbon concentrations in these particles could not be measured. Small quantities of fine iron particles (0.05-0.5 mm in diameter) are also to be found on the internal surfaces of the gas bubbles in the slag phase (Location II); these iron particles appear as small bright spots on the micrograph given in Fig. 2 
(A).
A small proportion of the total iron formed was found deposited on the outer surfaces of the slag droplets at the slag/gas interface (Location III), see Fig. 2 (B). This iron was in the form of particles up to 100 mm in diameter and appears to be ferritic in microstructure. The observation of ferritic iron indicates that carbon concentration in these particles is low.
Careful examination of polished sections of the samples (Fig. 3) using a low power stereo optical microscope reveals trails of fine iron particles (0.05-0.5 mm in diameter) dispersed in the slag (Location IV). Closer inspection indicates that these trails appear to originate from the vicinity of the large high-carbon iron droplets and the associated gas bubbles at the graphite/slag interface.
The iron deposited as a result of the coke/slag reaction was primarily located at the coke/slag interface (Location I). A SEM micrograph (see Fig. 4 ) of the actual slag surface after it had been removed from the coke substrate, following 10 min reaction at 1 673 K, shows the large hypereutectic grey iron structure, on the surface of which is attached solid carbon. Polished cross sections of these samples revealed that fine iron particles were also found dispersed throughout the slag sample (Location IV). Only minor amounts of iron were found on the surface of the slag droplets (Location III). In general the location and appearance of the product iron was similar to that found in the slag/graphite samples.
(c) Char/Slag Reactions A cross section of a typical char/slag sample after approximately 50 % reduction at 1 673 K is presented in Fig.  5 . Examination of partially reduced slag using the SEM indicates iron was predominantly deposited on the external surface of the slag droplet (Location III). Etched (2 % nital) cross sections of the iron deposits (Figs. 5(B) and 5(C)) show them to be of low carbon concentration, this ferritic iron would be solid at 1 673 K. Relatively little iron is present at the char/slag interface (Location I). The initial iron metal formed at the char/slag interface is all ferritic, and no gas bubbles were present within the slag despite the fact that product gas must have formed as a result of the reaction. An alternative view of this slag surface at Location I was obtained by removing the slag droplet from the char substrate; SEM and backscattered electron images of the gas/slag interface at the base of the slag droplet adjacent to the char (Location I) after reaction with char for 3 min are shown in Fig. 6 . The iron deposits formed are typically thin, round plates and can be see to be touching one another, but do not appear to readily agglomerate. This is a further indication that the iron is solid at the reaction temperature. Cross sections of the iron at the interface etched in 2 % nital reveal the structure to be ferritic low carbon iron.
Very little fine iron particles are present in the bulk slag (Location III). After long reaction times, and substantial extents of reduction, isolated liquid high carbon iron droplets were detected and associated with the appearance of these liquid droplets are gas bubbles and fine iron particles in the slag phase. Scanning Auger analysis indicates a range of carbon concentrations depending on the particle size. After 14 min reduction with char 39 the thin 60 mm diameter iron particles present were found to contain less than 1 % C, a few larger rounded (200 mm) particles contained up to 4.6 % C.
Gas Evolution-"In Situ"
Observations "In situ" observations of the interaction of graphite/slag and char/slag were captured using the X-ray transmission techniques described above. Using these techniques it is possible to directly obtain images of the samples and the changes taking place within the sample at the reaction temperature in real time, rather than having to deduce these events from a series of quenched cross-sections. Whilst it is possible to resolve changes in these images as they are replayed in real time, distinguishing particular features in still frames has proved to be difficult. These sequences are reproduced elsewhere 22) and are described below. 3.2.1. Graphite/Slag Reaction After melting of the slag the following sequence of events was observed to occur. i) Initially vigorous reaction takes place at the graphite/ slag interface resulting in rapid movement of the slag droplet on the substrate. ii) This is followed by the production of larger gas bubbles (1.5-2.5 mm diameter) within the slag droplet, these bubbles expanded and collapsed in regular intervals of about 10 s. These larger bubbles continued to form for approximately 20-30 min. Metallic iron was observed to form at the slag/C interface. iii) The rate of bubble evolution then significantly declined, and the formation of the large bubbles became irregular, finally ceasing as the reaction was completed.
Char/Slag Reaction
During reactions between char 39 and slag visible movement of the slag started only after a delay of approximately 5 min. Although reaction was clearly taking place at the char/slag interface in the first 10-20 min very few bubbles were formed within the slag. Iron particles are observed on the outer surface of the slag droplet. Those bubbles that were formed in the slag grew slowly, each taking a minute or more to complete the growth and detachment from the slag/char interface. Those gas bubbles that were formed and rose to the top of the slag droplet were retained for periods up to approximately 5 min.
FeO Concentrations in the Slag Phase
Selected slag samples were reduced from 10.8 % FeO to approximately 8 wt% FeO at 1 673 K using graphite and char; the samples were then quenched by rapidly withdrawing them from the hot zone of the furnace. After this partial reduction the iron concentrations as a function of distance from the carbon/slag interface were measured using EPMA. The analyses indicate that in the samples reacted with graphite there is no significant changes in FeO concentration across the thickness of the slag. In contrast, with samples reacted with char, it was shown that concentration gradients are formed in the slag adjacent to the carbon/slag interface.
Wetting Characteristics of Slag on Carbon
The contact angles, the angles subtended between the slag/carbon and the slag/gas interfaces through the liquid phase, have been measured using two approaches, i) following rapid cooling of the samples, 26) and ii) by direct measurements of the contact angle whilst the samples are still in the furnace using the X-ray transmission facility. The slag/carbon contact angles measured under various experimental conditions are shown in Table 2 .
The X-ray transmission images of the graphite/slag reaction interface indicated that the slag melted within seconds of introduction into the hot zone. The initial contact angle remained constant at 130-140°for 20-30 min or until approximately 1 % FeO remained in the slag. After 1.5 h contact the contact angle reduced to 110°. After cooling to room temperature, the slag was firmly attached to the graphite substrate; any attempt to remove the slag resulted in the fracture of the carbon.
The results obtained using coke were similar to those with graphite. After only short periods in the hot zone, the slag becomes firmly attached to the coke substrates. Cross sections of coke samples with droplets of 10.8 % FeO slag that had been reduced to 5 % FeO indicated contact angles to be approximately 130°, similar to those observed with graphite.
The X-ray transmission images of the char/slag reaction interface showed the slag to be almost spherical in shape; the contact angle remained at approximately 175°for 1 h. The slag was readily removed from the char pellet on cooling the sample to room temperature; in fact it is not possible to make metallographic cross-sections of the slag/char interface because the char is so easily detached. Clearly at this stage of the reaction, the slag does not wet the char. After 2 h at temperature, the slag was found that the contact angle changed to approximately 140°, and the cooled slag adheres to the char surface.
Discussion
Wetting Phenomena
Previous studies 27) have indicated that the wetting characteristics of slags vary with slag composition, temperature, time and carbon type. The contact angles on graphite are reported to be less than those observed on coal chars. The apparent contact angles measured in the present study are consistent with these earlier studies, however, it should be noted that the iron oxide concentration in the slag is being continuously lowered as a result of the reduction reaction. In addition, metallic iron is forming at the graphite/slag interface; some of these droplets are situated at the periphery of the slag sample at the carbon/slag/gas interface. The iron present in the graphite/slag interface is in the form of liquid Fe-C alloy droplets, which dissolve and penetrate into the carbon surface. On cooling the samples the metallic iron alloy solidifies and the resulting metal particles provide a mechanical bond between the slag and carbon substrate so that the two cannot be readily separated at room temperature, i.e. the slag appears to stick to the substrate.
The contact angle between slag and graphite decreases after long contact times. EPMA of the product iron formed on graphite shows that silicon is present in alloy, this silicon must have been obtained by reduction of silica from the slag into the metal. Earlier measurements 28) on SiO 2 -CaOAl 2 O 3 slags at 1 503-1 728 K also showed that the apparent contact angle between graphite and slag decreased with time.
Reaction Mechanisms
Initially liquid slag is in contact with solid carbon, and gas and solid iron is generated from the resulting direct reaction, FeO (slag)ϩC (s) → Fe(s)ϩCO (g) (slag/C) ..... (2) The gas generated from this reaction will form bubbles at the carbon/slag interface, agglomerating as the reaction proceeds, into a gas film. Previous studies 18, 21) have indicated that the reaction between solid carbon and iron oxide in slag can also occur via the gas ferrying mechanism (Fig. 7) . This involves the reaction of CO 2 gas at the carbon surface producing CO gas, the so-called carbon gasification reaction (reaction step d). This CO diffuses across the gas film separating the carbon and the slag phases (reaction step c), and reacts with the slag at the slag/gas interface (reaction step b). This chemical reaction produces more CO 2 , which is transported via the gas phase (reaction step c) back to the carbon/gas interface (reaction step d). The reaction cycle is then repeated. The reaction sequence is therefore described by the equations,
The observations made in the present investigation indicate that iron, in both solid and liquid state, can be formed at the slag/carbon interface. The initial slag/gas reduction reactions result in the supersaturation of the slag with respect to iron. In slags reduced by graphite, coke and char solid iron nuclei are formed in the slag at the slag/gas interface closest to the carbon. The morphology, composition and growth of these nuclei appears to be dependent on whether the iron remains in contact with only slag and gas, or whether the iron is also in contact with the solid carbon. According to the Fe-C phase diagram 29) at 1 673 K pure iron is in the form of austenite, which can dissolve up to 0.63 % C into solid solution before the formation of the liquid. Liquid iron saturated with graphite contains 4.8 % C.
In the case of the iron that remains in contact with slag and gas phases, carburisation of the iron can take place via the gas/solid reaction,
This carbon will diffuse through the iron to the slag/iron interface, where the carbon will be removed from the iron as a result of reaction with the slag. FeO (slag)ϩC (in iron) → Fe (metal)ϩCO (g) ...... (7) If the rate of removal of carbon from the iron (reaction (7)) is greater than the rate of supply through reaction 6, then the carbon level will not attain the level where the solidus is reached, i.e. the iron will remain completely solid. With the formation of liquid iron-carbon droplets the system then behaves in a similar way to that reported in earlier in situ studies of reduction of slags with Fe-C alloy. 30) 4.2.1. Char
The evidence obtained in the present study indicates that the gas ferrying mechanism is indeed occurring during the slag/char reactions. The slags are non-wetting on the char, favouring the presence of the gas film, and the excess gas generated as a result of the reduction reaction is transported, via the gas film, to the outside of the slag droplet. It is argued that the removal of iron oxide from the slag surface leads to a local change in the surface tension of the slag, [31] [32] [33] thus setting up Maragoni flow at the gas/slag interface. Since there is little contact between the slag and the carbon, most of the metallic iron nuclei in the slag are then swept by surface flow to the outer surface of the slag sample. Since the iron nuclei on the outer surface of the slag are not in contact with carbon or a strongly carburising gas these iron particles will remain solid at 1 673 K.
Graphite and Coke
In the case of reduction by graphite and coke there appear to be subtle but important changes to the wetting characteristics of the slag that lead to the creation of an alternate reaction path. This alternate reaction mechanism is illustrated in Fig. 8 . It is argued that the lower interfacial tension between slag and graphite results in sustained contact between the two condensed phases, resulting in the retention of metallic iron nuclei at the slag/graphite interface. The direct contact of the iron with the graphite, or close association with that phase, appears to lead to enhanced rates of carbon dissolution or transfer to the metal phase (reaction step h), i.e. If the rates of supply of carbon to the iron, through reaction steps g) and h), are greater than the rates of removal through the gasification reaction f), then the carbon level will eventually attain the level where liquid iron alloy is formed. Cross sections of the slag/graphite samples show high-carbon grey iron at the interface; at these levels of carbon the alloy is completely liquid at temperature. As indicated in Sec. 4.1 the liquid locally dissolves carbon, and on cooling to room temperature, this solid iron, which is embedded in the carbon, provides a strong mechanical bond that holds the slag and graphite phases together.
The availability of carbon in this liquid solution therefore leads to carbon gasification at the metal/gas interface (reaction step f), i.e. C (Fe-C alloy)ϩCO 2 (g) → 2CO (g) ............ (9) The preferential nucleation and growth of gas bubbles is therefore associated with the liquid iron-carbon droplets rather than the carbon surface.
It is well known that the reaction rates of CO 2 on liquid Fe-C alloys are very high. [34] [35] [36] [37] [38] [39] Rapid carbon gasification occurs at the metallic iron surface, leading to the generation of fine gas bubbles within the slag phase. The release of these bubbles from the metal/slag interface results in enhanced mixing of the slag, reducing any concentration gradients within the slags and increasing the rate of mass transfer of FeO to the slag/graphite interface. Clearly, the reduction of iron oxide from the slag by this mechanism can only be sustained if the rate of carbon loss from the liquid iron-carbon alloy is at least balanced by the rate of dissolution of the graphite into the alloy. Although initially the iron nuclei contain no carbon, in the case of graphite, the appearance of hypereutectic grey iron after short reaction times is evidence that the rates of carbon dissolution are rapid. Independent studies 40) have shown that the rates of carbon dissolution into liquid iron are indeed dependant on carbon structure, and that dissolution rates of graphitic carbons are higher than coal chars; chars possessing more disordered carbon structures.
The generation of very fine iron particles that are entrained in the slag is further evidence that a vigorous chemical reaction is occurring at the alloy/slag interface. It appears that the dispersion of fine iron particles in the slag could be the result of i) the formation of fine iron on the surface of the bubbles by gaseous reduction and then detachment from these bubbles as they rise through the slag, or ii) by emulsification of the liquid iron droplets during rapid reaction with the slag. Carbon gasification can still occur at the gas/graphite interface (Eq. (3)), although it is well established that graphite has lower reactivity in CO 2 than other more disordered carbons.
41) The contribution of the direct gasification of solid carbon to the overall reaction rate is therefore expected to be less than from the iron-carbon alloy.
In the case of the coal char studied in the present investigation (char 39), it appears from the metallographic evidence that some liquid iron droplets are formed at the interface at later stages of reduction. This is consistent with the view that the rate of carbon removal by the oxygen in the slag phase will decrease with time, as will the magnitude of the Marangoni flow, whereas the driving force for carbon dissolution into the iron will remain high. It is to be expected therefore that liquid iron-carbon alloy drops will form at the slag/char interface towards the latter stages of reduction.
It is clear that two parallel carbon gasification paths can coexist in graphite, coke and char systems, and both C/gas and Fe-C/gas reaction mechanisms can make significant contributions to the overall reduction of the slag.
The observation that iron may be present in both solid and liquid state during reduction of iron oxide from slag confirms the findings of earlier studies 42) on slag reduction using coke. Following immersion of coke into slag containing approximately 20 % FeO liquid iron product was observed for temperatures above 1 623 K. Below 1 623 K, solid iron was formed at the slag/coke interface and the reaction rates under these conditions were significantly lower than the conditions under which liquid product is formed.
Summary
The present studies have focused on the reduction of iron-saturated FeO-CaO-Al 2 O 3 -SiO 2 slags using a number of different of carbon types. By quenching partially reduced slag samples it has been possible to undertake detailed investigations of the phases formed at the reaction interface, their distribution, microstructures and compositions. Although the starting compositions of the slags, and therefore the chemical driving forces for reduction are the same for graphite, coke and coal char, it has been shown that there are significant differences in behaviour in each of these cases.
The initial contact angles between the slags and the highly graphitized coke, and the graphite surfaces, (140°) are significantly lower than on coal char (170°). The slag appears to be non-wetting on the char.
Reduction of the slag with coke and graphite at 1 673 K results in the rapid formation of liquid iron-carbon alloy droplets at the slag/carbon interface. The observation of relatively large gas bubbles attached to these alloy droplets provides evidence of significant gasification of the carbon in the alloy, and subsequent reduction of the slag through the CO gas produced by this pathway. Very fine iron metal particles are found to be distributed throughout the bulk slag. The compositions of the slag droplets are uniform throughout, indicating that mass transfer in the slag has been enhanced by the movement of gas bubbles through the liquid phase.
In contrast, following partial reduction of the slag with coal char at 1 673 K, dense solid, low-carbon iron is observed to form at the slag/carbon interface, and on the exterior surface of the slag droplet. During the initial stages of reduction no gas bubbles or fine iron particles are observed in the bulk slag, however, isolated instances of these products were observed after long reaction times. There are measurable FeO concentration gradients in the slag droplets close to the slag/coal char interface.
These observations provide new evidence on the reaction mechanisms occurring during the reduction of slags with solid carbon, and should be taken into account in the interpretation of the reaction kinetic data on these systems. The observations may also have implications for carbon selection for particular metallurgical applications.
